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PREFACE
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Delense Initiative Organization (SDIO), Contract NO0014-14-89-C-0210, during
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for Materials Sciences Corporation (MSC) was Mr. Kent W. Buesking. The
principal investigator [or M5C was Dr. Edward C.J. Wung. Mr. Dave Divecha of
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INTRODUCTION

Discontinuously reinforced metals are a class of compssites which have
witnessed extensive development over the past several years [1-4,. Most of the
research has focused on the development of silicon carbide (SiC) particulate
reinforced aluminum alloys, but reinforced magnesium, titanium and nickel based
superalloys are also receiving attention. Although the discontinuously
reinforced metal matrix composites exhibit some favorable attributes such as
tr: enhanced stiffness and reduced CTE, their one principal drawback is the
substantially reduced damage tolerance relative to the matrix material.

A novel fabrication approach that introduced a toughening mechanism into
ths discontinuously reinforced metals has been developed recently at United
Tzchnologies Research Center (UTRC) [5]. A schematic microstructure of such a
"microstructurally toughened" (MT) composite is shown in Figure 1. The energy
atsorption capability of the MT composites is enhanced by the following two
m=chanisms. First, when cracks encounter interfacial arezs between the
rée inforced and toughening regions, debonding at the interface can result in
crzck tip blunting. Second, the inherently higher energy absorption capability
oI the toughening region inhibits crack propagation.

A MT composite consisting of silicon carbide particulate reinforced 6061

_uaminum, with either aluminum or titanium tubings as the zoughening region

43
'

rzzerial was selected as a model system to evaluate the merits of the

r

-u2ghening approach. Note that the MT composite system with aluminum tubings

the toughening region material has been shown to have a fracture toughness

f
t

rz=ging frem 5 to 12 ft-1bs, as compared to 0.8 ft-1bs for the particulate
reinforced material without toughening mechanism [5].

The primary goal of this study was to support the ongoing development of

t

=z MT composites at UTRC through better understanding of the merits of the

c.ghening mechanism at the micromechanics level, and to czvelop a design

cr
i

7: ~hodologyv for MT composites that can take full advantage of the unique

-

"~ iracteristics of these materials. This goal was met bv: compiling a desion

~

izabase of MT composite material properties; analvzing th:z material proper

[aN

t:ing micromechanical and composite nmaterial models to urnd:vstand the measuved

r:Terial stress-strain behavior and irpact damage resistarvce:. reviewing SDI




struactural components and requirements to select attracti~:z comporents, and

developing preliminary material and structural designs.




OBJECTIVES

The MT composites developed recentlv at UTRC have successfull«
deronstrated that the fracture toughness of the discontinuously reinforced
metals can be greatly improved if certain toughening mecharisms can be
introduced into the material microstiuctures {5]. The primary goal of this
study was to support the ongoing development of the MT composites through
better understanding of the merits of the toughening mechanism at the
micromechanics level, and to develop a design methodology for SDI structural
~prlications that can take full advantage of the unique characteristics of MT
cormposites.

The goal was achieved by the development of two micromechanical material
mocels. The first model addresses the stress-strain constitutive modeling of
MT composites based upon the material properties and volume fractions of the
corstituents. No considerations regarding geometric shapes and dimensions of
the toughening region were given in this model. The model was used strictly to
predict the material stiffness or compliance matrix which was required for
stress analysis of structural components made of MT composites.

It was well documented in [5] that while the actual dimensions and shape
of the toughcning region rarely affected the stress-strain behavicr of MT
corposites, thev did influence the ability of the composites to withstand
irract damage. Therefore, a second model was developed to address the
possibility of predicting the fracture toughness of the MT composites by taking
the geometric factors into account.

A submarine hull and an aircraft longeron were identified in this study as
possible components that can be improved through the use of MT cozposites. A
preliminary design of the aircraft longeron was performed to demorstrate a

design methodology for MT composites.



APPROACH
Evidence in UTRC testing results suggested that the - e¢ss-strain behavior
and the impact damage absorption capability of the MT coni-:ites were governed

bv different sets of material and geometric variables. Tr:zrefore. two
micromechanical models were developed to study these two f-znomena separately.
The stress-strain model was further incorporated into an existing MSC computer
code "EPLAM" which was developed earlier by MSC staff for elastoplastic
incremental laminate analysis [6]. This revised analysis zives us the ability
to deal with laminated MT composites which is expected to z: an important step
ir the future material development. The theoretical basis for the models are
discussed in the following sections. A description of the structural component

se.ection is also incluued.

STRESS-STRAIN CONSTITUTIVE MODELING

From a microstructural standpoint, the MT composites zan be treated as
continuous fiber reinforced composites, with the reinforceZ regions being
aralogous to the fibers (fig. 2). Two existing material r:dels, composite
cv.inders assemblage model (CCA) [7], and vanishing fiber Zlameter model (VFD)
8., have been applied successfully to describe elastoplas:zic behaviors of
fiver reinforced metal matrix composites. However, our pes: modeling
exTerience indicated that CCA model might not be suitable Zor evaluating MT
ccrposite properties. The reason being CCA model always izposes a perfect
bernding between constituent phases while MT composite pror:rties are strongly
afiected by the bonding strength of the interface which cc:ld be rather low in

razctice. Of course, a modified three-phase CCA model wi:z the interface
r=zion being the 3rd phase can be constructed [9]. However. the mathematical

ccrplexity of this new model is bevond the scope of our current studv.

Due to this consideration, VFD model was chosen for z:e purpose of stress-
¢vvain modeling. It should be noted that we also recogniz:d the fact that VFD
7221 alwayvs assumes uniform transverse stress distributi-- in the phases, and
-5 1is not suitable for modeling MT composites either. *-iever, the

zi-nlicitv of the model and the fact that the model generillv gives verw




z:r.rate prediction in axial stress-strain response make “FD model a desirable

cr.zice for initial material modeling.

The existing formulation for VFD model in reference & was derived for
mzi:ling fibrous composites with elastic fibers embedded in ductile metal
zzzrix, and the materials were exposed to pure mechanical lecads. Since the
reinforced region of MT composites, which was to be modeled as fibers, could be
¢uztile in general; therefore, analytical effort was required to extend the
existing VFD model to account for the presence of ductile fibers. 1In addition,
tc analyze MT composites for high temperature applications, the modeling should
2.:0 include thermal effects. The mathematical formulation of this extended
“IZ model will be described next.

VFD model assumes the following equilibrium and compatibility equations:

do.. = do'f) = @™ for i3 = 11, (1)
1] 1] 1]
f (m) (£)
do,, = cmdo11 + cfdo11 , (2)
A
. de.. =c de'™ 4 cae'P) for 15 = 11, (3)
ij m ij i3
deyy = dfgf) = dng)- (4)
dc. . and deij are the uniform stress and strain increments applied to the

cczposite. The index (f) or (m) is used to denote fiber or matrix related
quzntities. e and c are volume fractions of the phases such that ce + ch =
. Fibers are assumed to be aligned along X,-dire~tion and x, and x_ are the
trznsverse directions.

As a step beyond the scope of existing VFD model, both fiber and matrix
zzzZerials are assumed to be elastically isotropic materials which obey Mises
vi:1d condition and Ziegler's kinematic hardening rule during plastic
Z¢Zormation [10]. To account for the thermal effects. we further assume that
= elastic properties. as well as the viels stresses of hoth constituents. are

- verature dependent. Under such circumstances, the insta

n
- smorechanical responses of the constituents are described by

=

. ef . eT . .p _
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Tr=

(r = f for fibers, m for mazrixy,

ey

definitions

eT L of L es s ts .
Sy T ('-1(1-) Topy 2oy P2y o
. P P . .pT -
Sy T M 2ot Sy )

of the variables which appeared in the above equations are:

. cL L
€ = [ £ €3 €3 €4 €5 €4

(€11 €22 Y12 €33 Yi3 Va3l

6 = [0y 05 653 04 05 J¢)]
‘s . . : . o
= 1011 922 T12 933 T13 Toal,
ef . . .
M = Elastic compliance at final temperature,
es - - .
M = Elastic compliance at starting temperature,
s . . .
o~ = Stresses at starting point.
fs . . )
5 = Change in free thermal expansion from starting
temperature to final temperature,
¢P - Total plastic strain increment,

Mp = Plastic compliance,

.pT . S
¢P' - Plastic strain increment due to temperature change.

. . .pT cs . . .
explicit forms of P and PP oase o cived in the Appendin,

Equation (5) can be recast into a wmore converient form which is wvalid for

- elastic and plastic loading cases.

Sory T ey Syt

;

Sy




\ ]
) ‘r =t for ftibers and m for matrix)
¢
Moo= P <y
~ur) i) ~ury’
and
. .eT .pT
€, . = € + € . (10
~(r)  ~(r) ~(r) o
Substituting the constitutive relation (8) into equation (4), and making
- . : . f (m) - (m)
<z of equations (1) and (2) to eliminate dog.) and dai?/ except for dulT
Tre resulting form is. after rearranging the terms.
(m) 6 . !
aoy™ =z, BT o+ b{™ (111
J= ] J
m f
1T = ull) /(e b,
X (m) £ (
. (m (£ (m) . - s : Los ¢ ‘
Blj = (Mlj - Mlj )y / hi for § = 2, 3. 4. 5, 6, (12)
(m) T T
’ = é ) h,
By Creey T B/
. ¢
{ ! f
ho= o™ 4 Byl
c
f
.- ( r m) . . .
o= that Mkf © m). =1, 2., 3, 4, 5, 6, are the first row components of the
. (f or m . . .T . .
razrix M0 5 OF m) defined by equation (9). and “1(f or m) is the first component
of <he wvector éT. . defined by equation (10).
~(f or m) ’
Now, equations (1) and (11) enable us to relate the marrix stress
T orement 6 to the overall composite stress increment ¢ and the temperature

-

C e

v
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R W I T S O S A S
0 1 0 0 o 0
0 0 1 0 0 0
0 0 0 1 0 0
3 0 0 0 1 0
| 0 0 0 0 o 1
i by =B 0 0 0o 0 0]

Q(f) = B g + E(f)' (14)

Fcr a binary material system, the local averages and overall siress and strain

ir.:rements are related by

27 % 2m * % 2o, (1)
€= cy E(m) + ce é(f)' (16)
S.Zstituting equations (13) and (14) into equation (15). one finds the
Z-Zlowing two relations,
“w By T g 7 L (e
“m Pyt Cgle = O e
ce 1 is a fub identity matrix and 0 is a 6zl null vector. Thus, g(f\ and

can be found easily once B and b(m are known.

(m) )




Finallyv, if one writes the macroscopic composite stiess-strain relations

i~ the usual manner
e =Moo+ 7, P19

anZ note that with the help of equations (8), (13), and (l4). equation (16) can
bz rewritten in a form comparable to equation (19). Hence, the composite
cczpliances M and ET can be identified as

M (200

M=oy My By *

°e ey Beey

éT =c (M b
~ m

T
My 2my T Emy)? t ceWer Beey 7

Egy) (21)
In the case of pure elastic deformation of either phases, equations (20)
ar.2 (21) are still applied providing that the compliances of the elasticallwy
eZormed phase or phases be set to zero. This is equivalent to letting H(r) =
x In equations (A-13) and (A-14) in the Appendix.
Equations 19 to 21 completely describe the insiantaneous thermomechanical
stress-strain relations of the MT composites. However, despite the simplicity

- . . . .T
oz the mathematical expressions, the compliances M and é  have to be evaluated

n.zerically from equations (20) and (21). Because the plastic compliances of

tt = phases, !(f my fT(f m as well as the factors g(f m) and E(f m) are
dezendent upon the unknown stress averages of the phases at the final stress
stzte.

ANzLYSIS OF LAMINATED MT COMPOSITES

As noted previously, a computer code "EPLAM" was developed earlier by MSC
s=:ff to perform incremental elastoplastic stress analyses of laminated plates
To analyze laminated MT composites. the extended VFD model derived in the
~ious section was programred into a subroutine that could provide the mzin
To-gram "EPLAM" with the instantaneous stress-ctrain relation of each micro-
s-ruacturally toughened lamina. EPLAM was then able to perform a nonlinear
l.-inate analysis to determine the overall behavior of a laminated MT compesite

T.ite.




The significance of this analysis is that it not only zives us the ability
> deal with laminated MT composites which is expected in zhe future plan of
T:terial development, but also provides us with a convenien: tool to analvze a
T composite with sparsely populated toughening tubes. Ir this case, the MT
ccrposite can be idealized as a system of alternating lavers of toughening

tubes and particulate reinforced region (fig. 2b).

MISELING OF IMPACT DAMAGE AND WORK OF FRACTURE

The high fracture toughness is the most important advantage that the MT
cczposites have over the conventional particulate reinforced metal matrix
ccTposites. The impact energy absorption data of the MT cocmposites were
c-tained in [5) by conducting a series of instrumented Charpy impact tests.
Tr.z shape and dimensions of the MT composite specimens used in the test are
shown in Figure 3. A detailed description of the testing procedure can be
feund in [5]).

The impact energy absorption data of SiCp/6061 Al based MT composites are
tabulated in Table 2 which includes three different toughering approaches,
nzzely, (1) SiCp/6061 Al rods toughened by continuous 6061 Al region (fig. 4a),
{2 SiCp/6061 Al continuous region toughened by 6061 Al tubings (fig. 4b), (3)
Si’p/6061 Al continuous region toughened by CP titanium tubings (fig. 4c).

Table 2 clearly indicates that changing the material composition as well
as varying the geometric shapes and dimensions of the toughening region can
have profound effects on the impact damage absorption capabilities of the MT
cczposites. Therefore, modeling effort should account for both the material
properties and the geometric details. This is in contrast to the usual

przctice of modeling fibrous composites in which the geometric details other

-
el

]

n the volume fractions of the phases are ignored. To make the matter even
r.:Te complicated, the impact damage is dynamic in nature and there is no doubt
Lzt the modeling of dynamic effects on elastoplastic heterogeneous materials
121 entall tremendous difficulties.

In this studv. we have chosen a different approach. ‘e have made an
zzzempt to find a quantitative criterion for whether or net the touchening
z::hanism could become operative during impact damage process. We helieve that

trlis criterion will be essential in achieving a successful MT composite design

10




- that the toughening effects provided by the toughenir: region materials

[

)

27 be fully utilized. The treatment is by no means rigor-:s but it has the

i-antage of producing a quantitative criterion in terms ¢I the material and

18

z:metric variables of the MT composites. This modeling a:zempt will be

[k}

described next.

An extremely simple case of a simply supported composite beam under
p.astic collapse load is considered in Figure 5a. Recall that both phases of
the MT composite are ductile materials, therefore, the collapse load as

czZculated by plastic limit analysis of beams can be written as {11}:

Fclp = 2My / 4. (22)

« is one-half of the beam span, and My is the yield moment which, if both the
reinforced and toughening regions are uniformly distributed over the cross-

sectional area, can be calculated as:

_ ab? (r) (t)
My o = T Wiy 2u1e * Vo) Cutel (23)
wrire a,b = dimensions of the cross-sectional arza as shown

in Figure 5b,

V(r) V(t) = volume fractions of the reinforced and toughening
regions, respectively,
r t . . . :
aéli, oéli = the material ultimate strengths of the reinforced

and toughening regions, respectively.

It should be noted that in this section the indices (r) ari (t) are used to
Zer.ote the reinforced region and the toughening region. reszpectivelv.

Assuming the final failure occurs when the mid-span c:flection of the hean
vz:ches a maximum value A, then. the energv absorbed by th: beam up to the time

ol failure is equal to the external work done bv the collzzse load. i{.e..

11



W=F ¢ A t24)

clp
The principle assumption in this treatment is that we ass.=: the same beam will
have absorbed the same amount of energy at failure should I be subject to

impact loads. At present, there is no experimental evider.::z available to

support or dispute this assumption. However, by judging from the fact that the
strength of most structural materials increases at high strzin rates, the MT
composites possibly can absorb more energy in impact than In static loads.

As a first order estimate of the maximum beam deflec:ion A at mid-span. we
adopt the strain-deflection relation that can be derived from an elastic
deflection curve, i.e.,

3b

€ ax = ;;; A , at center (z=0). (25)

Making use of equation (25), one can define two limiting rid-span deflections,

_ (0 3b
By epay /D) (26)
_(v) 3b_
Bz = €ax / (222) (27)
where e;:i and eézi are the tensile failure strains of the reinforced and

toughening region materials, respectively.

It can be understood that A, is the mid-span deflecti:n at which the
outermost reinforced region material begins to fail, and 4. is the mid-span
deflection at which the outermost toughening region materi:l begins to fail.
Since eézi > G;Zi is always true for MT composites, the ou-ermost reinforced
recion material will fail first. At this initial stage of Zailure. the energy

zbsorbed by the beam is

12




Next, we should investigate how the initial failure <I the reinforced
rezion could affect the integrity of the outermost toughering region material.
A schematic representation of this interaction between th:=<: twvo regions is
stown in Figure 6. If two regions are totally disbonded zs shown in Figure 6a,

the failing of reinforced material can result in a elastic unloading and the
(r)y .-
ult™ “(r)’

shrinkage is toward the end-support of the beam and it does not drag the

reinforced region will shrink by an amount equal to ¢ This motion of
toughening region to go along because the two regions are zotally disbonded.
However, if the two regions are bonded, an interfacie. shear zone wi'l
develop over a distance fo along the interface (fig. 6b). The length of the
shear zone can be determined by a simple shear lag model and by assuming the
shzar stress in the shear zone is uniform and is equal to o If one chooses

to match the axial displacements U(r) and U(t) at z=Zo, on:z has

U - e ’ssg°] (£-20)
1t A E ’
(m (r) B
(29)
TSSEO
U = (2-%£0),
t E
) AP
wiere
S : perimeter of the interface be-indary
A(r)’ A(t 1 cross-sectional
areas of the reinforced and
toughening regions, respectively
Equating U with U ives
L ) (v) B
(r)
o E v
fo = c:llt (E(r) + V(t))-l (30)
s (t) (r)
wrEre
C =35 A . (31
/ A 31)
Si-plified expressions of C fnr three simple cases can be Zound in Figure
Sirce fo can not be exceeding 7. therefore, xo is the mirizum value of the tvo.

T,

13




(r)

o E, . \Y)
Jo = Min. [é‘—l—t%—m»f;}iﬁ)’l, I3 (32)
s (t) (r)

Consequently, the interfacial shear stress causes th: toughering region to

shorten by an amount equal to

sy

AR = E—S [fo(h - 22)]. (33)

()

3]

To maintain the integrity of the toughening region, an acdditional plastic flow
must be generated in the toughening region material in orc:zr to compensate for
this shortening. Since for z>fo, the toughening region wi.l be unloaded back
to elastic state by the interfacial shear stress, the plaszic flow can occur
orly within the 0<z</fo segment. The average plastic stra’n increment within

this segment is thus

( (r)
CTSE ) V(r)gglt t e <
E 2(V E + V E ) -
2O L agige = { (O (r) (7 (o)) (34
P CTSE
if fo = &
\ 2E(t)

It is now clear that the initial failure of the outermost reinforced
region material would result in an additional plastic strzin increment, i.e.,
Ae; ) in equation (34), in the outermost toughening regior material.

Ccnsequently, the toughening region material could fail &: once if

(T a8, (B (35)
max p max

If this is the case, the beam will fail when the outermos: reinforced region

terial starts to fail and, therefore, no toughening eff::ts can be realized.

I

m

To& fracture energy of the beam in this case is equal to . (equation 28).
On the other hand, the beam will continue to deform II the toughening
vzzion is able to withstand this additional straining. i.:.
r t t
e( ) + Ae( ) < e( ). (36)
max p max

14




Bz, instead of reaching a mid-span deflection A, as calculated b equation
(27Y, the outermost toughening region material will fail when the mid-span
deflection of the beam reaches

Aeé”) ;1250 (37)

22

(O

A= max

The fracture energy of the beam in this case is then

W=F . A, (38)
where A is given by equation (37).

Equation (36) is the criterion for toughening mechanism to hecome active

during impact damage process. If it does become active, the fracture toughness

of the MT composite will increase from ﬁ, (equation 28) to W (equation 38).
STRUCTURAL COMPONENT SELECTION

Two structural components were identified as possible designs that can be
improved through the use of MT composites. The selection was based upon a
survey of structural components that are of interest to SLI, and also upon
irterviews with SDI, ONR and UTRC personnel. These selected structural
corponents are a submarine hull and the lower longeron for the Supportable

Hvbrid Fighter Structure (SHFS).

Aircraft Longeron

The lower longeron, shown in Figures 8 and 9, is part of a fighter
aircraft fuselage which is located immediately forward of the wing carry-
through structure. It is loaded primarily br fuselage beriing anc is designed

tc meet limit load requirements, ultimate load requivemer:s. and a specified

L35 31

z-igue lifetime. The component geometry and loading cornziti. .s were provided

. Lr

© General Dvnamics, Fort Worth Division.
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The present design calls for the structure to be made from hcrogeneous
Si7 Al material. This may prove to be an attractive applicant for MT
corvosites because of the 1ife time requirements and the fact that it is a
re_atively large component. The preliminary design of this comporent will be

discussed later.

Submarine Hull

Another area of current Navy research has focused on the application of
corTosite materials to submersible structures. These structures can be
classified, by loading environment, as pressure hull and non-pressure hull
structures. Both classes of structure are subjected to a seawater environment,
however the pressure hull structure defines the water tight envelope and must
surport the external pressure induced by submergence. Candidate pressure hull
materials must have a very high modulus to preclude elastic stability failures.
Graphite epoxy materials are emerging as the leading candidate for composite
subzersible pressure hull applications.

Non-pressure hull structures are free-flooding or water backed structures
subjected to working loads other than submergence pressure. These structures
previde support for external propulsion and sonar systems. and serve as ballast
tarnk (bow and stern) structures. This class of structure also includes the
hvcérodynamic appendages, or bow and stern steering and diving planes.
Microstructurally toughened SiC/Al composite materials may be a high pay-off
cardidate for non-pressure hull structure applications.

Non-pressure hull structures have traditionally been designed to include
the effects of post-yield strength of the material. The high yield strength
ancd excellent ductility of the microstructurally toughened SiC/Al composites
mare these materials very attractive for non-pressure hull applications.
weizht is a major design constraint because of the location (at the extreme for

and aft ends of the submersible) of non-pressure hull structures. The low

derzitv of the SiC/Al composite (less than half of that of steel) would result
in 2z structural weight reduction which could translate to increased equipment
ru_oad, speed or diving depth. Maintainability is a paramount concern in the
‘... _ast tank area, therefore the non-corrosive nature of Sic is a distluce
asd-zntage over steel. The non-magnetic signature of SiC would also be a

16




nevofit 1f acoustic detectability or stealth were a consideration fi.e.

cc=hatant submarines).
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RESULTS

The results presented here include discussions of the material properties;
.z predictions of stress-strain constitutive relations; the analvses of
la=inated MT composites; the estimations of impact damage and work of fracture;
ths optimization of impact damage resistance; and the initial results of the

reliminary design for the SHFS lower longeron.

M1TERTAL PROPERTIES

The base material for the MT composites studied in this report is the SiC
pivticulate reinforced Al 6061 material. Three toughening approaches were
irestigated in this report (see Figure 4). They are: (1) a continuous
a’.minum 6061 toughening region, (2) aluminum 6061 toughening tubes, and, (3)
C? titanium toughening tubes. The properties of each individual material were
otzained in {5] by tensile testing. It should be noted that prior to tensile
testing heat treatment and consolidation were applied to the precursor
materials in the identical manner as in the extrusion process of the MT
cczposites.

A summary of the material property data was provided in [5] and has been
rezroduced here in Table 1. Note that there are three SiCp/Al 6061 materials
ir. Table 1. They differ in the volume fractions of SiC particles and also
diZfer in the way that they were fabricated. The specific compositions and
gecmetries of the MT composites studied in this report are tabulated in Table
2. The Table shows a total of 8 MT composites, and each material has been
dezignated a material number. For simplicity, the individual MT composite will

be referenced by its designated number.
ST-ESS-STRAIN CONSTITUTIVE RELATIONS

The extended VFD model was used to calculate the axial stress-strain
r¢_.ations of the MT composites. For simplicity. the nonlinear stress-strair

“:z-zviors of the constituents were idealized by using an e.lastic-linear strain

“:7dening law which could be represented by a bilinear curwe as the one that is
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Figures 11 and 12 are the predicted axial stress-strain curves of the No.
2 ind No. 4 MT composites. Both materials apparently failed when the
r¢inforced region materials reached their respective maximum strains.
Tr:refore, the tensile strengths of both MT composites did not benefit from the
presence of toughening region material which was Al 6061 in both cases. This
is probably due to the fact that Al 6061 has lower tensile strength than the
SiZp/Al 6061 material. Hence, when the relatively brittle SiCp/Al 6061 started
to fail, the load transferring process simply overstressed the remaining Al
6721 material.

It is reasonable to assume that in order to improve the ductility and
static tensile strength of MT composites one has to select a toughening region
mzzerial which has higher tensile strength than the reinforced region material.
A good example is the CP titanium toughening tubes that were used in the Nos.
6. 7 and 8 MT composites. It can be seen from Table 2 that the failure
szrengths and strains of these three MT composites all showed improvement over
tre corresponding values of the reinforced region material which was the UTRC
febricated SiCp/Al 6061 material. In fact, the impact damage absorption
czpabilities of MT composites will also be enhanced by using toughening
mzzterials which have higher tensile strengths. This will be discussed in more
dszail later.

The influence of interfacial bonding strength on the tensile strength of
tre MT composites can be observed from Table 2 as well. Both No. 2 and No. 3
MT composites had samples prepared by different surface treating methods. The
acid cleaning method was used to promote strong interfacial bonding while the
acid cleaning plus debonding agent was used to promote weak interfacial bonds.
Tre samples with strong interfacial bonds were shown to have slightly higher
tensile strengths and tensile failure strains.

The indication is that strong bonding allows for stress transferring
process to be carried out more efficiently in a cracked MT composite svstem.
Tt bridging effect works in the same manner as in the case of fiber reinforced

"~posites containing matrix cracks. However. the effect is quite small in the
c.:e of MT composites where the ultimate strengths of the constituents are not

ot

=t much different. Consequentlv, a detailed studv of this effect was

-.z1luded from the limited Phase I work plan.

4
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Figure 13 is the predicted axial shear stress-strair :zhavior of the No. 2
M7 composite. No experimental data point was plotted wiz- -his curve because
thzre is no data currently available. This illustrated ::: usefulness of
mazerial modeling because unavailable material properties ::zn always be
es-imated. In addition, the effects of alternate materie.: and volume
fractions can also be evaluated with ease by material moc:zling.

For MT composites with low concentration of tougheni-: tubes, there might
be a considerable amount of reinforced region material ga:-ering in between
ad?acent tubes. An incremental laminate analvsis was mac: available to cope
wizth this situation (see Figure 2b). On the other hand. :-is material could
also be approximated by a single cylindrical assemblage bt_: with a larger 0.D.
such that all the reinforced region material can be accor-:dated within this
er._arged tube.

These two different approaches were used to analvze :hc axial stress-
strain behavior of the No. 6 MT composite. But, instead ¢I using 0.51 for the
vo_ume fraction of the toughening tubes, a lower volume frzction of 30% was
se_ected to better represent the case of low volume concerzration of toughening
tudes. Figure 14 shows that axial stress-strain curves pr:dicted by both
aptroaches do not have significant differences. This implies that the laminate
arzlysis is not needed if the No. 6 MT composite has more -han 30% volume
frzction of toughening tubes. However, this conclusion £izht not be wvalid for

MT composites with different material compositions.

LAMINATED MT COMPOSITES

As shown previously, the laminate analysis has giver us a tool to deal

with MT composites which might have low volume concentratison of toughening

tudes. In addition, this analysis also gives us the abilizy to analvze
lzzinated MT composites. Figure 15 shows the comparison -:tween three
c¢iZferent laminations of the No. 2 MT composite. The -ver much isotropic
voTure of the No. 2 material renders the similaritv of 2l three amial strecs-

s-rain curves.
It appears that there is very little to gain by lzarir:zing the MT

tion. the irpact

g

¢:zposites. However, as will be discussed in the followir: se

czrage resistance of MT composites can be improved by havirg a weaker bonding

20
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“<:ween the reinforced and toughening region materials. It is expected that a
w“:ixker interfacial bonding can severelv degrade the transverse properties of
r: MT composites. Therefore, lamination could well bhe a viable method for
c-Tpensating this degradation and, thus. allowing for the construction of a
~lth impact energy absorbing MT composite without sacrificing the integrity of

its transverse properties.

ANALYSES OF IMPACT DAMAGE AND WORK OF FRACTURE

A crude model for estimating the impact damage absorbing capabilitv of T
ccmposites was developed in the Approach section. The initial goal was to
iZentify a quantitative criterion for whether or not the toughening mechanism
cczld become operative during impact damage process. Equation (363 was found
o be such a criterion. 1If the criterion is satisfied, the MT composite will
atzain a fracture toughness which can be calculated from equation (38),
otnerwise the fracture toughness will be given by equation (28).

However, the application of equation (38) requires a knowledge of the
irterfacial shear strength T Since T is unknown at present time. it can
or._v be estimated by a data correlation procedure.

The procedure is straightforward. By assuming T varies from 0 to 20 ksi,

tm: corresponding fracture toughness can be computed either from equation (328

1

or from equation (28). A representative T, can then be estimated hv

crrelating the experimentally measured toughness data with the calculated

ry

tcaghness-Interfacial shear strength curve.

Figure 16 shows a typical toughness-interfacial shear strength curve. The
mzterial involved is the No. 1 MT composite. This curve indicates that for an
irzerfacial shear strength greater than 5 ksi, initial failure of the
reinforced region material in this MT composite will alwavs overstrain the
c-zghening region material to failure at the sarme time. In this casc. the

Tooshening region material will be unable to ircrease the tourshness of the M
merial. On the other hard, if the interfarisl ol coyeneth car b Yironsh

irn to below 5 ksi, then. the toughening recior will svart to mawe its
:o:sence shown by increasing the touchness up 2o a maximu valuae of o0 fv-lhe,
A toughness of 3.9 ft-lbs was measured tor ~his material. This value is

¢ :n lower than the lowest prediction in Figure 1€ «hich is slightiv Ligher




man 10 ksi. This low toughness was probably due to the rotch effect that came

:: a direct consequence of the prenotched specimen. Since the impact damage

w:del does not account for notch effects, the only meaningil conclusion thas

ws can draw from this data correlation is that the actual interfacial shear

strength was greater than 5 ksi. Thus, when the reinforced region material

fziled prematurely due to notch effect, the overstraining brought the

toughening tubes to fail simultaneously.

Figures 17 and 18 show the data correlation results for the No. 2 and No.

I MT composites. Note that there were two toughness data points measured for

¢:ch of these two MT composites. The pair of higher toughness values were the

v:sult of a weaker interfacial bonding for which a debonding agent was applied

cver the SiCp/60A1 Al rod surfaces before the MT composites were fabricated.

. relation to the higher toughness values, an interfacia. shear strength of

.5 ksi can be identified from both figures. However, the pair of measured low

zzughness data are again lower than the lowest predictions on both figures.

The two conclusions which can be drawn from Figures 17 and 18 are:

(L)

(2)

Without debonding agent, the interfacial shear szrengths were higher
than 5 ksi in both cases. Therefore, when the reinforced region
failed prematurely due to the notch effect, thev brought the
toughening regions and the MT composites to fail at the same time.
By applving the debonding agent, the interfacial shear strength was
brought down to 2.5 ksi. Due to this weaker bording, the toughening
mechanism was allowed to be operative after the initial failure of
the reinforced region material had occurred. The result was a much

improved fracture toughness for each material.

When applving the same data correlation scheme to other MT composites, the

azditional remarks can be made:

Y. woand Noo 8 MT cerpasites for which the A1 0 21 cothivgee v bl
touchening region material. the interfacial shezr strenrth was Livher
than 3 kai. Hence. the toughening mechanisp was =mahle (o hecore
operative and the matesial as a whole failed wioo the voininreed




region material failed due to the notch eftfect (see Figures 19 and
20) .

(4) XNo. 6 and No. 7 MT composites for which the CP tizanium tubings were
the toughening region material, the interfacial snear strength can be
found to be 7 ksi in relation to the measured to:uzhness values (see

Figures 21 and 22).

Note that for the MT composites mentioned in the last two remarks, no
¢>onding agent was applied to the tubing surfaces to promcte we.t interfacial
t:nding. Nevertheless, the CP titanium tules were still .le to raise the

m:iTterial toughness to a higher level while the Al #5071 +vieo {4,114 to lend any

tcughening effects to the reinforced region materisi. Feo:ll P citarium tubes
a_so improved the static tensile strength of MT « ;0 it =il 20+ -7 tubes
z2zzin failed to do the same. It appears now that = 00 L Cter

ctoice for the toughening region material.

OZTIMIZATION OF IMPACT DAMAGE RESISTANCE

What we have learned from the previous data correlaticn studv is that our
crzde model seemed to be able to furnish reasonable agreemens with the test
dzta providing hat the interfacial shear strengths that were estimated by the
r: 2el can be validated. In addition, we also learned that CP titanium is a
bz:zter choice for tougnening region material than Al 6061. However, even with
C: titanium as the toughening region material, further improvement of fracture

[}

-ghness is still possible. In the following we will use the No. 6 MT

ct

Tposite as an example to demonstrate various ways of improving its fracture

[g]
[

aghness.

cr
(g}

After a careful examination of equations (32) to (38) and a parametric

w0

2dv of this damage model, four possible ways of improving the material

: - .ghness were identified. Figure 23 shows an improved fracture toughness if
¢v: can inrcrease the Young's modulus of titanium from 15.3 Msi to 28 Msi. The
v:zson for this improvement is that a stiffer toughening r.zion material can
v:Zuce the additional plastic straining that is brought upon it by the

&

i--erfacial shear stress (see eguation 34).
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Figure 24 shows similar improvement of fracture toughress if one can
irn:rease the ultimate tensile strain of the titanium from 19% to 233. The
re¢xson for this improvement is that the material can now experience larger
Z:Zlection before the final failure occurs (see equation :7). It is worthwhile
¢ point out that the titanium alloys can be tailored to achieve higher Young's
zcdulus on the expense of a reduced ultimate tensile strain. Therefore, it is
pessible to use our model to find the best combination for these two variables
such that the fracture toughness of the material can be optimized.

Aside from varying material properties, it is also possible to achieve
~igher fracture toughness by varying the geometries. Figure 25 shows the
izproved fracture toughness if one uses smaller but thicker titanium tubes such

~zt the tube volume fraction remains unchanged. The use of thicker tubes

e

Izplies a smaller value for the parameter C (see Figure 7a). A smaller C can
reluce the additional plastic straining which would be brought upon the
tcugne ing region material by the interfacial shear stress (see equation 34).
Trnerefore, a smaller parameter C promotes higher fracture toughness.

At the limit of a smaller but thickened tube, the tube becomes a solid
rcd. Figure 26 shows great improvement by using solid CP titanium rods instead
of tubes. The improvement can be realized even when the interfacial shear
strength is higher than 30 ksi. It is interesting to point out that recent
UTRC experiments have confirmed this prediction. In their result (as shown in
Tzdle 3), 1/8 in. CP Ti rods were shown to have given the MT composite higher
tcighness than the 1/4 in. CP Ti tubes could. This result was achieved despite

-

fact that the volume fraction of the toughening region was only 25% for the

i

sc-id rods and 30% for the tubes.

=ZLIMINARY COMPONENT DESIGN

Recall that the lower longeron for the Supportable Hvbrid Fighter
Szructure (SHFS), as shown in Figures 8 and 9. was selected as a potential
stuuctural component that can be imrroved through the use of MT corrnsites. A
cr:zliminary design of this component will be described next. The component
- vetry and loading conditions were provided by General Dwnamics. Fort Worth

_ivision.
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The 19 design loading cases. shown in Table 4, were uszd to compute the

w.Timate stresses shown in Table 5. The maximum and minir.z normal stresses

I~r each loading case were determined by

~axial load bending load
9(max, min)~ “(max, min) + (max, min) (39)

axial load

(max, min) = axial load (max, min) / cross-sectional area, (40)

. M x Mpy
,bending load _ _I_Q + __I_E , (41)
ypP Xp

M,, M, = the bending moments about the pri-zipal axes

and x_, respectively;
yp P p Y

pr, Iyp = the moment of inertias with rescect to the
principal axes xp and yp, respectively.

Eguation (41) was used to compute the ultimate bending strzsses at the four
ccrner points, A, B, C, and D of the component cross-secti:nal area where the
zzximum and minimum bending stresses of the beam were most likely to occur (see
Fizure 9). The maximum and minimum values among the ultimzte stresses at the
foir corner points were then selected as the maximum and minimum bending
stresses of the beam.

The shearing stresses are of secondary concern. With a simple assumption
thzt all of shear-1 was resisted by the area of the bottom flange and all of
the shear-2 was resisted by the area of the right hand flartge, the maximum
shearing stress of the section was evaluated for each loading case. The
rezults in Table 5 indicate that the shearing stresses are generally one order
o magnitude smaller than the normal stresses.

From Table 5, the maximum tensile stress in the longeron is adout 83 ksi
:r.2 the maximum compressive stress i1s about 101 ksi. Thes: strengths are

sinable with a 35 volume percent SiCp/2124 SiCd/Al comp:sites. reference 12.

t
it

Tr:refore. a discontinuously reinforced metal matrix corpc:ite can be used to
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construct a longeron which will meet the requirement of ul-imate static
sirengths.

As for the fracture toughness consideration, a tough:ring mechanism
c:zposed of CP Ti solid rods was shown previously to have zreatly enhanced the
Iracture toughness ¢f the discontinuously reinforced SiCp Al 6061 materials.

I~ addition, the relatively large size of the longeron bezn will permit the use
oI larger CP Ti rods. As can be seen from Figure 7b, the geometric parameter C
for toughening rods is inversely proportional to the rod ciameter. Therefore,
ir.creasing the size of the rod will reduce the parameter 7 and further increase
¢ fracture toughness of the material.

However, as far as static strength is concerned, the ltimate strength of
C: titanium is 70 ksi which is lower than the required strength of the
Z:ingeron. Therefore, even though high strength SiCp/Al €:51 material can be
c-tained by increasing the volume fraction of the particulate reinforcement,
tr.e addition of CP Ti rods will decrease the material statzic strength and might
e-en make the material less ductile as explained in the sz:tion of stress-
s-rain predictions. It appears now the longeron construczion will require a
r.zw toughening region material which should have a strengzh of at least 100

i.

in

This example demonstrated the need for further MT me:2rial development.
M:re suitable toughening region materials have to be ider:ified and tested.
Cr.e possible candidate is the titanium alloy Ti-6Al1-4V which has an ultimate

szrength of 163 ksi at roor temperature.
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CONCLUSIONS AND RECOMMENDATIONS

The results of this Phase I study have led to several important
ccnclusions regarding the material design of MT composit:.s. This program
resulted in the creation of an extended VFD material model that was capable of
arproximating the axial stress-strain response reasonably well. The model is
a.so capable of handling material nonlinear strain hardening, temperature
dependent material properties, and very general loading path which might
irclude thermal loads. The extended VFD model was further incorporated into an
existing MSC computer code which was originally developed for elastoplastic
lazinate analysis. This new software has given us the ability to analyze

a=inated MT composites. The program also resulted in the development of a
crude impact damage model which was proven to be useful ir the understanding of
ths effects of toughening mechanisms at micromechanics level. A preliminary
design example was performed for an aircraft longeron beam, and the result
brought up the need for identifying more high strength toughening region
mzterials.

The stress-strain data correlation has suggested the following general
g-ideline for MT composite strength design. For higher ultimate strength and
mcre material ductility, the toughening region material should have higher
u_timate strength as well as higher failure strain relative to the reinforced
rezgion material. Strong interfacial bond also helps to raise the ultimate
szrength and ductility of the MT composites. But the improvement is not
significant.

For achieving higher impact damage resistance, the impact damage data
ccrrelation has suggested the following guidelines for MT composite toughness

design.

(1. From the material property aspect, the toughening region material should
rive higher ultimate strength, higher failure strain., and higher stiffness as

¢:7pared to the reinforced region material.

«. From the geometry aspect, the form of toughening region must ensure a smal.

c:-metric parameter C (see Equation 31). This implies that thicker tubes are
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hetter than thinner ones; solid rods are better than tube:: and larger rods are

bertter than smaller rods.

{: From the interfacial bonding aspect, weaker bonding ;romotes much higher
fracture toughness. The improvement is so great that the slightly decreased
static strength and ductility of the MT composites as the results of a weak

irterfacial bonding can be considered justifiable.

The preliminary design of the lower longeron structural component showed
that a discontinuously reinforced SiC/Al 6061 material cer be found to meet the
static strength requirements. However, an appropriate tcughening region
mazerial for the longeron structure was found to require =igher ultimate
strength than both aluminum 6061 and CP titanium can offer. Therefore, there
is a demand for identifying additional toughening region =zaterials with
ultimate strengths no less than 100 ksi.

The MT composites have many fascinating properties ard a very promising
future. The Phase I study assessed the merits of the MT composites on a
micromechanics level. Several recommendations can be wacs which should be
corsidered for the Phase Il program. Future efforts should focus on
chzracterizing the behavior of MT composites on a structural level. This will
irclude, as a minimum, studies of the effects of holes and other
discontinuities, and the effects of general loading cordizions including cyclic
leads. A structural component will be selected. This cozponent might be the
longeron beam which was selected in Phase I study, or otksr more appropriate
ccrponents. Detailed designs will be performed to specif~ the structure
configuration, material composition, the joining method which will be used to
atzach the component to the main structure and finally. the fabrication and

testing of a subscale component to assess the design methodology.
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MATRIX <

CONVENTIONAL COMPOSITE

®
[ ) o
®
¢ o ° ®
o o o ° o
- L ° [ o
\: ® L o [
o ®
¢ L ® °
¢ ® °

MICROSTRUCTURALLY TOUGHENED COMPOSITE

SHEATH ON
THE COMPOSITE -
PRECURSOR

¢

PARTICULATE REINFORCED
COMPOSITE

| MATRIUTOUGHENING
REGION

Figure 1.

Schematic Comparison Between Conventional

and Microstructurally Toughened Particulate

Reinforced Composites




(analogous to fiber)

toughening tube
(analogous to matrix)

(a) Stress-Strain Constitutive Model

reinforced region

Toughening tube
+ reinforced region

(b) Idealization Of MT Composites With
Dilute Concentration Of Toughening Tubes

Figure 2. Micromechanical Mocels
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Figure 4. MT Composites Studied In Phase I Program
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F = collapse load
) plastic hiphge
2 ‘——-..l

e

2

(a) Beam Under Plastic Collapse Load

5 (8)

ult
h_-

t___I::

i oot
a c,(11:)
ult

(b) Fully Plastic Stress Distribution On The
Cross—-Sectional Area 0Of The Beam

Figure 5. A Simply Supported Beam Under Plastic Collapse Load
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Figure 6. Interaction Between Reinforced And
Toughening Regions During Impact Damage
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8. Location of SHFS Lower Longeron
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Figure 9,

Cross-Sectional Configurations Of The Longeron Beam
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APPENDIX
THERMOPLASTIC RESPONSE OF A HOMOGENEQUS SCLID

Assuming a material is elastically isotropic and obexs Mises vyield

th

wrotion and Ziegler's kinematic hardening rule during plastic deformation

..., the yield function can be written as

1 . - .
f = , (Sij - aij)(sij - aij) k2 (T) 0 (A-1)

where

Sij’ ai. = the deviatoric components of oij and aij’ respectively;
Uij = current stress state;
aij = current center of yield surface in stress space;

k(T) = yield stress in simple shear, and is assuzed to be a function

of temperature T.

Zizgler’'s kinematic hardening rule specifies the kinematic motion of the yield

s.rface during plastic deformation as

= [i (Oi' - oa,.), (A-2a)

a. .
1] J 1]

or. in the deviatoric stress space,

= [ (si. - a..), (A-2b)

a,.
1] ] 1]

vTzre g is to be determined later.

The vield function. cquation (A-1), remains equal to czero during plastic
d=Zormation. Therefore, the following consistency equaticn has to be satisfied

r:never plastic deformation takes place,
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+ (6f/én)K

(A-3)

2k = 0.

It
—~
n

'

~—
—~
-

'
Y]

~—

)

(V]

.Tstituting equation (A-2b) for the éij in equation (A-3) and solving for pu,

sz obtains

0 - - v - . 2 _

n [(sij aij)sij 2kk]/(2Kk%) . (A-4)
- : R . - 2 3 .
“>ze that the relation (s.lj aij) (sij aij) 2k?, i.e., equation (A-1), has

i

_:0 been utilized to obtain (A-4).

The plastic strain increment, from the normality rule, is

1] J 1]
Tc determine X, we follow Ziegler’'s assumption that the projection of plastic
szrain increment on the exterior normal vector of the yield surface and the

projection of éij on the same normal vector differ only by a constant c, i.e.

- (9£/35 ;) = A (s;; - ag) (A-5)

’

.P : -
c(8f/3s; )b = (Bf/asij)aij. (A-6)

T=-rying out the differentiations and making use of the consistency equation

«&-3), equation (A-6) becomes

c(s.. - a, . )éP. = (s.. - a..)s,. - 2Kkk. (A-7)

ij ij7 i) 1j 177173

For the case of simple tension in x, direction, (A-7) takes the form

2 . 5 .
‘.‘1)1 = 3c (61, - /3 k). (A-8)

magnitude of ¢ can now be evaluated by comparing (A-8) with the known

ir:remental slress-plastic strain relation in simple tension, i.e.,

, 1
f?x = H

63

(6,, - I3 k). (A-9)




A ]

ol

:ve H is the instantaneous hardening parameter. Thus, ore has

c = 2H / 3. (A-10)

Now, X can be solved by substituting (A-5) and (A-10) into (A-7). The

result is

3

THRZ [(Ski - akl)ékk - 2xk}. (A-11)

A =

Accordingly, the plastic strain increment follows from (A-3), with X taken from

(a-11),

P _ 3 i . ) . ) )
eij TP [(skﬂ akl)skﬂ 2&&,(sij aij). (A-12)

Equation (A-12) can be written in a matrix form comparable to equation
(Y,

PP P 7

- . . .pT . s
T~: instantaneous compliances MP and ¢P' can now be identi<ied as

p_ 3 [ * * % ’ * % % 5 * % ) % %
M = k2 (sy) S1S3 S183  S,Sg4 S1Ss S1S6
* * % % % * % * %

(s5) 25,5, S,54 25,55 25,54

(A-13)
* % * % * %

*
4(s3)? 2s3s8, 4sssg b4sgsg

RS~
WO

(s4)? 2s,s, 2s,s¢
blsy * 4sgse
4(sg)?
| Symm. (se) ]
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pT _ Ik * PR B3 * *
& T Shk [sy, s, 2s3 s, 12sg
NS TO
%* * * * % %*
{sy, s, s3 sg sg sgl
* * * * * *
= [syy Sy, S;2 S3zz Sy3 S,4],
and

- S, . a, ..
1] 1] 1]
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(A-14)

(A-15)




